The in utero environment is a key determinant of long-term health outcomes; poor maternal metabolic state and placental insufficiency are strongly associated with these long-term health risks. Human epidemiological studies link maternal obesity and offspring cardiovascular disease in later life, but mechanistic studies in animal models are limited. Here, we review the literature pertaining to maternal consequences of obesity during pregnancy and the subsequent impact on fetal cardiovascular development. The Obesity Epidemic
The Obesity Epidemic
The prevalence of obesity has reached epic proportions, with rates reported from 24 to 36% in developed nations (28a, 56) and a global estimate of adult obesity at 11% (83). Despite more recent awareness and efforts to address this epidemic, a large proportion of the population has been impacted by obesity and is now affected by the associated health consequences. Of particular concern is maternal obesity during pregnancy, which confers numerous risks to the developing offspring that may have a significant impact in later life. The concept of developmental programming, as it was first introduced by Dr. David Barker and colleagues almost 30 years ago, originated from data demonstrating the impact of maternal under-nutrition on fetal development and long-term health outcomes. However, with the obesity epidemic now faced by the Western world, attention in both human and animal model studies has turned to the current issue of maternal over-nutrition on fetal programming. Maternal obesity is associated with increased incidence of morbidity and mortality in both the mother and fetus and is one of the most prevalent preventable causes of pregnancy complications. This review will focus on the current understanding of the role of maternal obesity and over-nutrition in altering maternal metabolic health and in programming of cardiovascular disease risk in the offspring.
Maternal Vascular Adaptations to Pregnancy: Impact of Obesity
Due to the physiological requirements of pregnancy, the maternal cardiovascular system must undergo significant adaptations to accommodate and adequately meet the oxygen and nutritional demands of the developing fetus (60) , including a 40% increase in blood volume and cardiac enlargement (24, 40) . The greater blood volume serves to supply the uterus in response to the needs of the utero-placental circulation, which functions as a low-resistance circuit. Vascular adaptation to pregnancy is characterized by marked vasodilation, a process that is dependent on endothelial cell and smooth muscle cell changes, and is reflected by a reduction in systemic vascular resistance (79) . In obese individuals, there are structural alterations in blood vessels, which include increases in basement membrane thickness and vessel stiffness (87) . These vascular changes likely occur in response to elevation in blood pressure, as suggested by a study in hypertensive human subjects where non-invasive imaging of the carotid artery demonstrated increased arterial stiffening corresponding to increased diastolic pressure (78) . With progression of obesity, microvascular walls undergo atrophy, which leads to narrowing of the microvessels (14, 67) and a risk of local tissue ischemia (10) . Using wire myography studies, it has been demonstrated that vasoconstriction and vasodilatation are impaired in myometrial arteries from obese women with otherwise uncomplicated pregnancies (28, 27).
Endothelial cells play a crucial role in the regulation of vascular tone (30), and obese women enter pregnancy with chronic preexisting endothelial activation resulting in endothelial dysfunction (10) , which is a central pathological status in the early development of atherosclerosis (33) . Endothelial dysfunction refers to the altered capacity of the endothelium to uptake and metabolize L-arginine, the substrate for nitric oxide (NO) synthesis (50) . Obesity is associated with altered L-arginine transport and NO production resulting from altered uptake and metabolism of the endogenous vasodilator adenosine (82) . In addition to vasodilators, vascular tone is also maintained by vasoconstrictors such as endothelin-1 (ET-1) (86) . Levels of endogenous ET-1 are elevated in the setting of obesity, and this likely contributes to endothelial dysfunction in obese individuals (reviewed in Ref. 6) .
The mechanisms regulating the vascular adaptations of pregnancy are governed in part by sex steroids (23) but in animal models have also been shown to be influenced by environmental factors such as maternal nutrition (41) . Our group utilizes a nonhuman primate (NHP) model of high-fat diet (HFD) consumption in which we have the advantage of being able to distinguish between dietalone effects (in animals who are consuming the HFD but are resistant to weight gain and have normal insulin sensitivity) and HFD in combination with maternal obesity (animals who have excessive weight gain and become insulin resistant). We have previously demonstrated that uterine blood flow is decreased in both lean and obese HFD-fed dams compared with chow-fed dams; however, this impaired flow is exacerbated in the obese HFD animals, demonstrating an adverse influence of maternal obesity in addition to the effect of diet-alone (13) (FIGURE 1). Since the fetal side circulation of the placenta does not receive neuronal innervation, local vascular tone is regulated and maintained by the synthesis and release of vasoactive modulators from the endothelium (52), rendering this organ particularly susceptible to maternal obesity and endothelial dysregulation given the increased levels of circulating inflammatory mediators. Importantly, endothelial dysfunction in obese women is likely to impact spiral artery remodeling at the time of trophoblast invasion, leading to inadequate establishment of the placenta and ultimately to placental insufficiency. However, correlating in vivo blood flow with placental nutrient transporter function is not currently possible in humans, which limits our understanding of the placental contribution to the observed increased perinatal risks associated with maternal obesity.
Maternal Obesity and Placental Phenotype
As the mediator of maternal and fetal interactions, the placenta has a central role in fetal organ growth and development, thus the impact of maternal obesity and nutrition on placental function in the context of fetal cardiovascular development is an important research focus. However, the mechanisms that regulate and alter placental development in response to an adverse in utero environment are incompletely understood, in part due to the current limitations of in vivo imaging methods, timing of tissue collection, and animal models that do not recapitulate human placental structure (21). During implantation in humans, the high-resistance maternal spiral arteries of the endometrium must adapt to become low-resistance vessels, which are invaded by rapidly proliferating endovascular trophoblast cells to form the maternal decidua and establish a functional placenta (57) . Cytotrophoblast cells replace the endothelial and muscular linings of the uterine arterioles, a process that enlarges vessel diameter and initiates maternal blood flow to the intervillous space by the end of the first trimester (17). Thus, within the hemochorial placenta of primates, two separate vascular networks develop in tandem: the maternal compartment as the source of nutrients and the fetal compartment structured in a complex arborized pattern of villi intended to maximize the surface area available for the exchange of nutrients with the maternal vasculature. Recently, in a human study from obese mothers, an association was found between a lipid-rich placental environment where obese women had 50% greater placental lipid droplet accumulation than lean women, decreased regulators of angiogenesis (e.g., angiopoietin, vascular endothelial growth factor A, and hypoxia inducible factor 1), and increased expression of interleukins and chemokine receptors (66) , demonstrating a pathological placental phenotype with maternal obesity. Although the rodent placenta differs structurally from the human placenta, in particular with less extensive endovascular invasion, these lower-order species still provide a useful animal model to gain insight into developmental abnormalities. Data from a rat model of maternal obesity achieved by chronic HFD consumption suggest that the uterine adaptations to pregnancy are impaired, which leads to inadequate trophoblast invasion and poor establishment of the placenta (26). Specifically, this model has been used to demonstrate altered vascular development and increased hypoxia (25), elevated expression of the tissue remodeling modulator matrix metalloproteinase 9, and increased smooth muscle actin surrounding the spiral arteries (26). The NHP has a developmental ontogeny more closely related to humans, the animals can be maintained in a controlled environment, and their use permits timed tissue collection that is not possible for ethical reasons in human studies. In our NHP model of HFD consumption, we have demonstrated reduced uterine blood flow, increased expression of inflammatory cytokines, and pathological evidence of infarction (13, 62) . Importantly, animal studies have shown that placental vascular insufficiencies alter fetal hemodynamics in an attempt to preserve growth of vital fetal organs (84, 63) ; such vascular adaptations likely cause structural and physiological changes that influence cardiovascular development.
The In Utero Environment of the Obese Mother
What distinguishes obese women from their lean counterparts is an excess of adipose tissue. Rather than simply being a storage depot for fat, adipose is a metabolically active tissue that makes a significant contribution to endocrine function through the production of a variety of adipokines, including leptin (77) , which is important in the regulation of multiple aspects of pregnancy (1, 71) . It has been demonstrated in in vitro studies of arterial vascular smooth muscle cells that leptin inhibits cell growth (5). We could postulate that, in vivo, leptin may impede angiogenesis and subsequently impact maternal-fetal exchange through regulation of placental nutrient transport (e.g., amino acid uptake), although this remains to be proven.
Obesity is considered a physiological state of chronic, low-grade inflammation that is further exacerbated by the metabolic changes of pregnancy. Obese individuals have elevated levels of inflammatory markers including C-reactive protein (CRP), interleukin-6 (IL-6), and tumor necrosis factor alpha (TNF-␣) (42) , and elevated levels of CRP correlate with endothelial dysfunction in obese women (59) . Maternal obesity also leads to insulin resistance, elevated serum triglycerides, and increased blood pressure (22). Higher levels of circulating free fatty acids serve as ligands for the toll-like receptors, which activate an inflammatory signaling cascade (38) , thus enhancing chronic inflammation in obese individuals. Hyperlipidemia decreases prostacyclin secretion and enhances local peroxidase production, resulting in vasoconstriction and platelet aggregation (9) ( Table 1) . These local vascular changes in preeclamptic patients, who share many abnormal vascular characteristics with obese mothers, have been shown to result in atherosclerotic-like plaques in placental arterioles (85) . In addition to systemic metabolic disturbances, tissue-specific effects, such as increased reactive oxygen species production and subsequently elevated oxidative stress levels, are associated with obesity (15) . Obese women have been found to have significant placental pro-inflammatory macrophage accumulation and high levels of inflammatory cytokines (7), as well as nitrative stress (64), compared with lean subjects. Nutrient transporters are known to be responsive to inflammatory cytokines in vitro (72, 31) , which may provide a plausible explanation for fetal growth discrepancies seen in children of obese mothers; specifically, in macrosomic infants, there may be upregulation of placental nutrient transfer or downregulation in fetuses that are growth restricted. A comprehensive understanding of placental perfusion, its effects on placental nutrient transport and how the fetus regulates its metabolic demand through the placenta is not known and is an area of keen interest.
Cardiomyocyte Development
Regulation of cardiomyocyte growth in utero is a key determinant of heart health in later life as the number of cells at birth determines the number of myocytes for life (73) . The myocardium of the fetal FIGURE 1. Decreased uteroplacental perfusion in Japanese macaques fed a high-fat diet Maternal high-fat diet (HFD) leads to increased uterine artery pulsatility Index (PI). A: uterine artery (Uta) PI is 0.74 in a representative control animal. B: the Uta PI is 1.17 in a representative HFD-sensitive (HFD-S) animal with a Doppler waveform that demonstrates decreased diastolic flow consistent with increased vascular impedance compared with A. C: the calculated Uta blood flow (cQUta) normalized to maternal weight was significantly reduced in HFD-R and HFD-S animals compared with CTR. D: Uta PI is increased in HFD-S animals compared with CTR. As a group, HFD (HFD-R ϩ HFD-S) had a significant increase in Uta PI compared with CTR. E: the calculated umbilical vein blood flow (cQUV) normalized to fetal abdominal circumference was reduced in HFD-S animals compared with controls. There was no difference in HFD-R animals compared with controls. F: the umbilical artery (UA) PI was unaffected by diet group. *Significant difference (P Ͻ 0.0): CTR, n ϭ 9; HFD-R, n ϭ 6; HFD-S, n ϭ 9. Reproduced from Ref. 13 with permission. (8), atrial natriuretic peptide (ANP) (55) , and reduced cardiac systolic load (54) . Additionally, increased ventricular wall stress negatively impacts cardiomyocyte proliferation, which can result in restricted cardiac expansion and regeneration of myocytes as required for normal heart function throughout life. If total myocyte number is reduced, the burden of mechanical stresses and contractile force generation is greater than normal, resulting in myocyte enlargement accompanied by hypertrophy of the chamber wall as a compensatory mechanism to normalize wall stress (73) .
Data from sheep models of placental insufficiency demonstrate reduced, absent or reversed diastolic flow in the umbilical artery (75, 51) , which are flow patterns that are typical of placentas with high impedance to pulsatile flow. Doppler ultrasound studies in human subjects have shown that, with placental insufficiency, fetuses with a normal umbilical vein blood flow pattern have increased ANP secretion (44), whereas abnormal umbilical vein flow patterns are associated with fetal myocardial cell damage (43) . In addition, myocardial damage is associated with increased systemic venous pressure, a redistribution of cardiac output to favor the left ventricle (primarily responsible for blood flow supply to the coronary and cerebral circulations), and a rise in right ventricular afterload (45) . Since fetal cardiac myocytes are sensitive to sustained loading conditions, it has been postulated that placental vascular insufficiency would increase systolic load to the fetal heart and cause myocyte hypertrophy (74) . Furthermore, we suggest that endothelial dysfunction in obese women may lead to suboptimal trophoblast invasion, yielding placental vascular insufficiency, and that this may provide a link between maternal obesity and fetal cardiovascular disease.
Fetal Cardiac Development in Obese Pregnancy
Although the connection between maternal nutritional status and offspring health has been well established, the mechanisms underlying fetal cardiovascular programming are in the early stages of investigation. There have been relatively few studies of the association between obesity in pregnant women and the cardiovascular risk in their children. The relationship between gestational weight gain and elevated blood pressure in the offspring has been demonstrated both in young children (37) and at age 21 yr (47), with close correlations to offspring BMI demonstrated in these studies. Recently, the Amsterdam Born Children Development study found that a higher prepregnancy maternal BMI is associated with higher blood pressure in children aged 5-6 yr (16), although, when adjusted for birth weight and child BMI, this effect is reduced by 50%. In a recent longer-term follow-up study using a Cox proportional hazard regression model to correlate maternal BMI with cardiovascular events in adults aged 34 -61 yr, those born to obese mothers were found to have an increased incidence of adverse cardiovascular outcomes and premature death (Ͻ55 yr of age) (61) . Studies have also demonstrated that children of obese women are at a greater risk for congenital heart defects (49) and myocardial hypertrophy (88) .
At birth, infants born to obese mothers have a greater atherogenic lipid profile (48) , which is the precursor to cardiovascular disease. Children born to women with a higher prepregnancy BMI, independent of maternal diabetes, have significantly elevated levels of the circulating cellular and vascular adhesion molecules, E-selectin and vascular adhesion molecule-1, which are biomarkers of adverse endothelium perturbation (81) . Stimulated by adhesion molecules, monocytes and lymphocytes attach to endothelial cells and initiate the atherosclerotic process (65) . Additionally, in utero programming not only influences systemic risk factors for cardiovascular disease but can also affect the cardiac muscle directly through mechanical stimulation (58) .
Evidence of the link between maternal nutritional status and offspring cardiovascular disease risk in human cohorts is mostly indirect and based on associations. Animal models are advantageous in that they allow the underlying links to be investigated through diet and experimental manipulation. Mechanistic studies are limited, but the importance of the placenta and utero-placental hemodynamics in cardiac development is clear. A suboptimal in utero environment in which the developing placenta is functionally compromised is the foundation for aberrant fetal development (2) . Indeed, in a mouse model of obesogenic diet during pregnancy, pup body weight at term was appropriate for gestational age, but the placentas were smaller and morphologically compromised. Importantly, cardiovascular and metabolic dysfunction was observed in the adult offspring despite the appropriate birth weight (68) . Underlying those observed changes were altered development of the three placental layers with reduced placental weight, evidence of an altered fetal growth trajectory and perturbed signaling via three major metabolic pathways (i.e., mitogen-activated protein kinase, phosphoinositide 3-kinase, and mammalian target of rapamycin) in the placenta (68) . In offspring follow-up studies from rodent models of maternal obesity, increased risk of myocardial dysfunction, including ventricular hypertrophy (12) and myocardial fibrosis (29), have been demonstrated. Cardiac hypertrophy has been attributed to activation of the protein kinase B, extracellular signal-regulated kinase, and mammalian target of rapamycin pathway (12) . In addition, blood pressure monitoring in conscious, unrestrained offspring from HFD-fed rats demonstrated elevated systolic pressure compared with control-fed dams accompanied by reduced endothelium-dependent relaxation in small mesenteric arteries (35, 34) . Most recently, Blackmore et al. (4) used in vivo and in vitro manipulation to address the mechanistic cause linking maternal diet-induced obesity with cardiovascular function in C57BL/6J mice offspring studied up to 12 wk of age (4) . Their data demonstrate increased heart weight due to cardiac hypertrophy accompanied by increased left ventricular volume at 3 and 8 wk, which is normalized by 12 wk. Interestingly, functional studies utilizing the Langendorff in vitro perfusion system at 12 wk demonstrated both systolic and diastolic dysfunction and a shift in the sympathetic-to-parasympathetic ratio with maternal obesity, indicating sympathetic dominance in this model. A corresponding increase in the ␤1-adrenergic receptor, the primary norepinephrine mediator in the mouse heart, and reduced expression of the sarcoplasmic 4) . Taken together, these data suggest that cardiomyocyte hypertrophy is a protective mechanism that cannot be sustained long term, as demonstrated by the normal cell size at 12 wk, but that cardiac dysfunction persists; this may lead to premature cardiac failure in adulthood. In a sheep model of overnutrition, fetal ventricular tissue was demonstrated to have notable lipid droplet accumulation and irregular myofiber orientation in addition to elevated toll-like receptor 4, interleukin-1␣, interleukin-1␤, and IL-6 levels, along with inflammatory cell infiltration. The authors suggest that maternal overfeeding before and throughout pregnancy promotes cardiac growth and morphometric changes (32) . In our NHP model of HFD consumption, we have observed alterations in the heart/weight index (HWI) in juvenile offspring at 13 mo of age. Specifically, offspring born to HFD-fed dams maintained on a HFD postnatally have an increased HWI compared with control-fed offspring from control-fed dams. Offspring with increased HWI have abnormal expression of cardiac hypertrophy and contractility related genes (Fan L, Grove KL, unpublished observations).
The majority of data pertaining to lipotoxicity in the heart has been demonstrated in models of maternal undernutrition, but a recent study in mice showed that maternal HFD exposure followed by HFD in the postnatal period leads to decreased mitochondrial integrity in the heart and increased cardiac lipid content. In addition, that study reported decreased insulin sensitivity of the heart with diminished cardiac function and an increase in hypertrophy, apoptosis, and fibrosis (76) . The myocardial fibrosis observed in the rodent supports earlier data from a sheep model of maternal diet-induced obesity, which demonstrated transforming growth factor beta as the underlying signaling pathway resulting in cardiac fibrosis in the fetal offspring (29).
Interestingly, in a sheep study of offspring born to obese mothers, cardiac function was normal at baseline but impaired with increasing cardiac workload (80) . Juvenile offspring from our NHP model of diet-induced obesity during pregnancy demonstrated a significant reduction in endotheliumdependent vasorelaxation in the abdominal aorta, a 90% increase in intima thickness, and increased proliferation of smooth muscle cells deposited underneath the endothelium (11) . These studies indicate that maternal obesity contributes to the detrimental effect of insulin resistance on vasorelaxant and cardiac function in offspring.
Maternal nutrition is likely to affect epigenetic modification of gene expression within the placenta (18), with subsequent effects on fetal development. Indeed, an adverse in utero environment can modify how the fetal genome is expressed with outcomes from a recent study using a baboon model of high-fat/high-sucrose diet consumption demonstrating increased myocardial fibrosis and proliferation in the fetal heart (46) . Prior evidence demonstrates a role of mirco-RNAs (miRNAs), small, noncoding RNA molecules that regulate numerous cellular processes, in fetal cardiac development and etiology of cardiac pathology (3, 36) but not in the context of maternal obesity. The study by Maloyan and colleagues revealed significant alterations in cardiac miRNA expression in the fetus of obese baboons, which correlated with gene targets involved in developmental disorders. The authors suggest a role for epigenetic modifications in the fetal programming of cardiovascular disease (46) . Additionally, one study has focused on epigenetic effects in isogenic mice with natural onset obesity (39) . In this rodent model, offspring of obese mothers have a latent metabolic phenotype that is unmasked by later exposure to a HFD, with observed defects in glucose and lipid metabolism. The authors demonstrate widespread methylation changes with maternal obesity and report from their data that, despite the maladaptive fetal response to maternal obesity, by maintaining offspring on a control chow diet, the development of metabolic disease is prevented (39) . They postulate that, if this finding can be translated to the human population, it may be possible to intervene and break the perpetual cycle of obesity. This may present one solution to address the longer-term issue of obesity, but aberrant fetal cardiovascular development and the long-term consequences of fetal exposure to an obese in utero environment remains to be resolved.
Conclusion
The alarming rise in maternal obesity rates warrants increased research efforts to understand and address the in utero relationships between maternal body composition, placental adaptations, and fetal cardiovascular development. Offspring vulnerability to later life disease results from a mismatch between the in utero environment in which developmental cues and signals adapt to adverse stimuli, yielding a phenotype that may not be ideally suited to lifestyle changes in future generations. The mechanisms associating maternal obesity and offspring cardiovascular disease are multifactorial and complex. This review has summarized the alterations of pregnancy complicated by maternal obesity and the current knowledge of the mechanistic links underlying fetal cardiovascular development and later life disease, but much remains to be understood in this field. Ⅲ 16. Gademan MG, van Eijsden M, Roseboom TJ, van der Post JA, Stronks K, Vrijkotte TG. Maternal prepregnancy body mass index and their children's blood pressure and resting cardiac autonomic balance at age 5 to 6 years. 
